We demonstrate the importance of interface modification on improving electron confinement by preparing Pb quantum islands on Si(111) substrates with two different surface reconstructions, i.e., Si(111)-7 × 7 and Si(111)-Root3×Root3-Pb (hereafter, 7 × 7 and R3). Characterization with scanning tunneling microscopy/spectroscopy shows that growing Pb films directly on a 7 × 7 surface will generate many interface defects, which makes the lifetime of quantum well states (QWSs) strongly dependent on surface locations. On the other hand, QWSs in Pb films on an R3 surface are well defined with small variations in linewidth on different surface locations and are much sharper than those on the 7 × 7 surface. We show that the enhancement in quantum confinement is primarily due to the reduced electron-defect scattering at the interface. Confinement of electrons in nanostructured materials such as thin films results in discrete quantum well states, [1, 2] which have attracted intensive research interests in the view of both fundamental science and technological applications. Recent advances in growth technique have made it possible to control the thickness of metal thin films with atomic precision, [3] which provides the playground for modulating the physical properties of nanomaterials in a wide variety of aspects, [4−11] such as transport, [4] chemical reactivity, [5, 6] growth [7] and magnetism.
Confinement of electrons in nanostructured materials such as thin films results in discrete quantum well states, [1, 2] which have attracted intensive research interests in the view of both fundamental science and technological applications. Recent advances in growth technique have made it possible to control the thickness of metal thin films with atomic precision, [3] which provides the playground for modulating the physical properties of nanomaterials in a wide variety of aspects, [4−11] such as transport, [4] chemical reactivity, [5, 6] growth [7] and magnetism. [8] The physical mechanism behind those modulations is the periodic occupation of quantum well states (QWSs), i.e., as the thickness of thin metal films increases, the quantum well states shift progressively in energy and periodically move unoccupied QWSs below the Fermi level. Thus many physical properties can be modulated in a controlled manner because of their close correlation with the electronic structure of the system. A prerequisite for those quantum controls relies on an efficient confinement of electron states, i.e., sharpness of QWSs. As the coherency of the reflection of electron states at the interface strongly affects the lifetime of QWSs, [1] it is crucial to modify the interface structure to increase the efficiency of electron confinement.
We have studied the effect of interface modification on QWSs of Pb ultrathin films by preparing Pb quantum islands on Si(111) substrates with both the pristine 7 × 7 surface and the modified R3 surface.
Our scanning tunneling microscopy/spectroscopy (STM/STS) characterization shows that growing Pb films directly on the Si(111)-(7 × 7) surface generates many defects at the Pb/Si interface, which reduces the coherent reflection of electrons and locally broadens the QWSs of Pb thin films. Meanwhile, Pb films grown on the R3 surface have smoother interfaces and exhibit smaller variations in the linewidth of QWSs at different locations on the film surface. The QWSs of Pb films grown on the R3 surface are remarkably sharper than those on the 7 × 7 surface, which signifies the importance of interface modification in improving the electron confinement.
Experiments were conducted with a Unisoku low temperature scanning tunneling microscope. The Si(111) substrate (p-type with a resistivity of 0.2 Ω·cm) was cleaned using the standard procedure of current heating at a base pressure of 1 × 10
−10
Torr for a few cycles until large scale defect-free 7 × 7 surface reconstruction was obtained. The Si(111)-Root3×Root3-Pb surface was prepared by depositing 3-4 monolayers (MLs) of Pb from a Knudsen cell followed by annealing to 300 ∘ C. For the Pb films on the 7 × 7 surface, Pb islands were prepared by depositing 7-8 MLs of Pb followed by annealing at room temperature for 30 min. For the Pb films on the R3 surface which is smoother, 7 ML of Pb was deposited followed by annealing at room temperature (RT) for 15 min to form Pb islands with comparable sizes to those grown on the 7 × 7 surface. The STS spectra were recorded using a lock-in technique with a bias modulation of 20 mV (rms value) at a frequency of 1991 Hz at a temperature of 77 K, while the tunneling gap was set at = 0.5 V and = 0.1 nA. An e-beam heated polycrystalline PtIr tip was used in the experiments, which is grounded for reference voltage.
The Pb islands grown on the Si(111)-7×7 substrate have wedge-shaped geometry, which spans across many underlying Si terraces while keeping their top atomically flat. [12] A Pb film of thickness between 7 ML to 30 ML can be routinely obtained in a single sample. Here the width of Si terraces is around 60 nm, which is far larger than the Fermi wavelength of Pb, electron confinement in the lateral directions can be safely neglected. For a certain thickness of Pb within an island, the confinement in the vertical direction is the same as that of a macroscopically uniform Pb film with the same thickness. Thus a single Pb island could contain Pb films of multiple thicknesses. Because the Fermi wavelength of Pb is 3.8 times the Pb lattice constant in the [111] direction, Pb islands are sufficient for studying quantum oscillation physics with many periods and even the beating mode on top of the finer oscillation. [5, 9, 13] As a result, the Pb island possessing the peculiar geometry provides an ideal system for investigating the quantum size effect with local probe techniques, which dramatically saves the effort of preparing macroscopic films for characterization with ensemble-average techniques. Pb islands grown directly on the Si(111)-7 × 7 surface generate many defects at the interface. As shown in Fig. 1(b) , an STM image obtained on top of the Pb island exhibits the buried 7 × 7 interface reconstruction together with many defect spots. These defect spots are mainly located in the corner hole position of the pristine 7 × 7 reconstruction. Previous studies speculated that those defects could be generated by aggregation of Si adatoms from the pristine 7 × 7 reconstruction during growth of Pb and the remaining part of the 7 × 7 surface reconstruction is kept intact for reflecting the electronic states of Pb. [14] Tunneling spectroscopy measured at this area (presented in Fig. 1(b) ) consists of series of peaks, which are ascribed to the quantum well states at the corresponding energy. Furthermore, / spectra show strong variations with different surface locations. As shown in Fig. 1 (b) , point 2 is on the top surface of Pb islands but corresponds to a defect spot at the buried interface. The / curve obtained at point 2 (curve 2 in Fig. 1(b) ) exhibits significantly broadened peaks compared to curve 1, which was obtained at point 1 and corresponds to the center of the buried 7 × 7 reconstruction. The interface defects result in incoherent scattering of the confined electron states and locally shorten the lifetime of quantum well states. Due to the high density of the buried defects, quantum well states of the Pb island surface heavily depend on the topographic locations. This makes the modulation of some locally related physical properties such as the Kondo effect of single molecular spin less well-defined. Growth of a single ML thick Pb reconstruction on top of the Si(111) effectively removes the atomically 066804-2 corrugated pristine 7 × 7 surface. Figure 2(a) shows the atomic resolution of the stripe incommensurate Si(111)-R3 Pb reconstruction, which is a Pb-rich phase. There are several phases of Pb reconstruction on the Si(111) surface, depending on the content of Pb atoms per Si lattice. [15] Our studies show that regardless of the phases of Pb reconstruction at the first step in preparation, the wetting layer always shows the Pb-rich phase after the growth of Pb islands. This demonstrates that the formation of Pb islands happens only after the formation of the phase by feeding Pb atoms into the Pb reconstruction. The smoothness of the phase can also be manifested by reduced the annealing time for growing Pb islands of comparable size as that on the 7 × 7 surface. Figure 2(b) is an image obtained on top of a Pb island. Hexagonal moiré patterns at the interface due to stacking of Pb onto Si with different lattice constants can be clearly seen and the defects at the interface have been effectively removed. The lattice constant of the interface Pb atoms underneath the Pb islands has relaxed into its bulk value. [16] Tunneling spectra of Pb films show series of very sharp peaks. More importantly, the QWSs are well-defined with very small variations in the sharpness of QWS peaks at different locations relative to the moiré pattern. The small shift in energy of the QWSs at different surface locations arises from the contributions of different phase to the formation of QWSs at the interface, [16] which leads to a periodic modulation of the surface energy and has been utilized to grow nanocluster arrays on top of the Pb island. In order to compare QWSs of Pb films with the two different interfaces, we have measured two complete sets of QWS spectra with Pb thickness ranging from 11 ML to 23 ML. As is seen in Fig. 3 , red curves are QWSs of Pb on the 7 × 7 surface and black curves are QWSs of Pb on the R3 surface. Energy positions of the two sets of QWSs coincide, which means that the absolute thicknesses of Pb for the two interfaces are the same. Because the R3 reconstruction is 1 atomic layer thick, the thickness of the noncrystalline wetting layer on the 7 × 7 surface is determined to be 1 ML. Peak widths of QWSs for the R3 interface are essentially smaller than those for the 7 × 7 interface, which demonstrates that the lifetime of the modified QWSs is enhanced. The lifetime of QWSs can be extracted by numerically fitting the QWSs with Lorentz peaks. [18] For example, the lifetimes of the lowest unoccupied QWS of 11 ML Pb on 7×7 and R3 interfaces are 195 meV and 125 meV, respectively. The lifetime of QWSs is composed of three terms, [1] i.e., electronphonon scattering, electron-electron interaction and electron-defect scattering. The former two terms are related to the material properties and film thickness, which are the same for the Pb films under investigation. As a result, the difference in lifetime lies in the contributions from different electron-defect scattering at two interfaces. This is consistent with the degree of smoothness of the two interfaces. The interface modification not only removes local defects and make QWSs more well-defined, but could also be employed to improve the lifetime of QWSs.
In summary, modification of QWSs in Pb films has been performed by introducing a single atomic layer of R3-Pb reconstruction at the interface. Compared with the pristine 7 × 7 surface, R3-Pb reconstruction effectively removes the large density of subsurface defects that perturb the QWSs and enhances the lifetime of QWSs by reducing electron-defect scattering at the interface. The interfacial engineering [19] presented here provides a new approach for the study and control of quantum well states. [20] 
